T h e n e w e ng l a n d j o u r na l o f m e dic i n e n engl j med 364;11 nejm.org march 17, 2011 994 S pina bifida is the most common of congenital anomalies of the central nervous system that are compatible with life. The most frequent form is myelomeningocele, characterized by the extrusion of the spinal cord into a sac filled with cerebrospinal fluid, resulting in lifelong disability. Despite folic acid fortification, the incidence of myelomeningocele has stabilized at 3.4 per 10,000 live births in the United States. 1 Liveborn infants with myelomeningocele have a death rate of approximately 10%. [2] [3] [4] Long-term survivors have major disabilities, including paralysis and bowel and bladder dysfunction. Damage to the spinal cord and peripheral nerves usually is evident at birth and is irreversible despite early postnatal surgical repair. The severity of the neurologic disability in the lower limbs is correlated with the level of the injury to the spinal cord. 5 Nearly all infants who are born with myelomeningocele have the Arnold-Chiari II malformation, which includes a constellation of anomalies that include hindbrain herniation (downward displacement of the medulla, fourth ventricle, and cerebellum into the spinal canal), brain-stem abnormalities, low-lying venous sinuses, and a small posterior fossa. This malformation is also associated with hydrocephalus and developmental brain abnormalities. Hydrocephalus is treated by diverting cerebrospinal fluid to the peritoneal cavity by the surgical placement of a shunt, which then requires lifelong monitoring. Surgical revisions are common to address shunt failure or infection. 6 The Arnold-Chiari II malformation has well-documented effects on motor, cranial-nerve, and cognitive functions, which are compounded by the adverse effects of hydrocephalus and shunting. 5 Sequential ultrasonographic images that are obtained from fetuses with myelomeningocele suggest that insults to both the central and peripheral nervous systems may be progressive. Movement in the lower limbs may be lost, and hindbrain herniation and hydrocephalus may worsen during fetal gestation. 7, 8 In studies in animals, prenatal coverage of a spina bifida-like lesion preserved neurologic function and improved hindbrain herniation. [9] [10] [11] [12] [13] These data suggest a "two-hit" hypothesis in which the final neurologic deficit results from a combination of failure of neural-tube formation and spinal cord injury resulting from prolonged exposure of neural elements to the intrauterine environment.
Human prenatal myelomeningocele repair by hysterotomy was first performed in 1997, and by 2003, more than 200 fetuses had undergone the procedure. Early data suggested a dramatic improvement in hindbrain herniation in comparison with historic controls but also showed an increased maternal risk, including preterm labor and uterine dehiscence, and a substantially increased risk of fetal or neonatal death and preterm birth. 14, 15 We performed the Management of Myelomeningocele Study (MOMS) to compare the safety and efficacy of prenatal repair of myelomeningocele with that of standard postnatal repair.
Me thods

Recruitment and Study Population
We conducted the trial at three maternal-fetal surgery centers -the Children's Hospital of Philadelphia, Vanderbilt University, and the University of California, San Francisco -together with an independent data-coordinating center at George Washington University and with the Eunice Kennedy Shriver National Institute of Child Health and Human Development. All other fetalintervention centers in the United States agreed not to perform prenatal surgery for myelomeningocele while the trial was ongoing. The trial was approved by the institutional review board at each center. The study protocol, including the statistical analysis plan and full inclusion and exclusion criteria, is available with the full text of this article at NEJM.org.
Inclusion criteria were a singleton pregnancy, myelomeningocele with the upper boundary located between T1 and S1, evidence of hindbrain herniation, a gestational age of 19.0 to 25.9 weeks at randomization, a normal karyotype, U.S. residency, and maternal age of at least 18 years. Major exclusion criteria were a fetal anomaly unrelated to myelomeningocele, severe kyphosis, risk of preterm birth (including short cervix and previous preterm birth), placental abruption, a body-mass index (the weight in kilograms divided by the square of the height in meters) of 35 or more, and contraindication to surgery, including previous hysterotomy in the active uterine segment.
for evaluation and randomization after they provided written informed consent. Randomization to undergo either prenatal or postnatal surgery in a 1:1 ratio was accomplished on a secure Web site maintained by the coordinating center, with randomization sequences stratified according to center with the use of the simple urn method. 16 For patients who were assigned to the prenatalsurgery group, myelomeningocele repair by studyapproved surgeons was performed with the use of standardized operative techniques and perioperative management ( Fig. 1 ; details are provided in the Supplementary Appendix, available at NEJM.org). Women in the prenatal-surgery group stayed nearby with a support person until cesarean delivery at 37 weeks of gestation (if still undelivered), whereas women in the postnatal-surgery group went home and returned to the center at 37 weeks for cesarean delivery and postnatal repair by the same surgical team.
All children were evaluated at 12 and 30 months of age on the basis of physical and neurologic examinations and developmental testing. The 12-month examination included radiography of the spine to determine the anatomical level of the lesion and magnetic resonance imaging of the head and spine. Trained independent pediatricians and psychologists who were unaware of study-group assignments and who reported directly to the coordinating center conducted the testing. Patients who were unable or unwilling to return to the center received a home visit by the follow-up team.
Primary Outcomes
Two primary outcomes were prespecified. The first outcome, at 12 months, was a composite of fetal or neonatal death or the need for a cerebrospinal fluid shunt (either placement of the shunt or meeting objective criteria for its placement) (for details, see the Supplementary Appendix). Because this trial was unmasked and criteria for shunt placement vary widely, an independent committee of neurosurgeons, who were unaware of study-group assignments, reviewed the clinical and radiologic data for each child to determine whether criteria for shunt placement were met.
The second primary outcome, at 30 months, was a composite score of the Mental Development Index of the Bayley Scales of Infant Development II and the child's motor function, with adjustment for lesion level. The anatomical level of the lesion was determined by an independent group of radiologists on the basis of the 12-month radiograph. An independent pediatrician determined the functional level of the lesion by assessing motorsensory and distal somatosensory function, a determination that was confirmed by videotape review by an independent expert. The difference between the functional level and anatomical level in vertebral segments was calculated. The Bayley scores were ranked across all infants, with fetal, neonatal, or infant deaths being assigned the lowest rank. The same procedure was separately conducted for the calculated difference between functional and anatomical level. The composite score for each infant consisted of the sum of the two ranks. 17
Secondary Outcomes
Maternal, fetal, and neonatal secondary outcomes included surgical and pregnancy complications and neonatal morbidity and mortality. Infant secondary outcomes were radiographic appearance of components of the Chiari II malformation, as evaluated by independent radiologists; the time to the first shunt placement (or meeting the criteria for such placement); locomotion; the Psychomotor Development Index of the Bayley Scales; scores on the Peabody Developmental Motor Scales; the degree of functional impairment on the basis of physical examination; and the degree of disability, as measured by the WeeFIM (Functional Independence Measure for Children) instrument.
Statistical Analysis
We determined that the enrollment of 100 patients per study group would provide a power of more than 90% (with a two-sided type I error of 5%) to detect a 28% reduction in the first primary outcome, assuming an 80% shunt rate in the postnatal-surgery group among children who survived to 12 months of age, 18 a 5% rate of death before shunt placement, and a 5% loss to follow-up. The reduction was calculated on the assumption of a 5% death rate and a 30% reduction in shunt placement (or meeting shunt criteria) among survivors in the prenatal-surgery group. This sample size was also sufficient to detect a difference of 0.5 SD of the composite score, with a power of more than 90%. Analyses were performed according to the intention-totreat principle. We compared continuous variables using the Wilcoxon test and categorical variables using the chi-square test, Fisher's exact test, or the Cochran-Armitage test for trend. We analyzed the time to shunt placement (or meeting shunt criteria) using Kaplan-Meier survival curves and log-rank tests. An independent data and safety monitoring committee monitored the trial. A group sequential method was used to characterize the rate at which the type I error was spent; the chosen spending function was the Lan- DeMets characterization of the O'Brien-Fleming boundary. 19 Four interim analyses were performed for each primary end point; at the fourth analysis, the critical values for the stopping boundary corresponded to a P value of 0.0233 for the 12-month outcome and 0.0123 for the 30-month outcome. For the first primary end point, we report the 97.7% confidence interval for the relative risk. For all secondary outcomes, a nominal P value of less than 0.05 was considered to indicate statistical significance, without adjustment for multiple comparisons. Relative risks and 95% confidence intervals are reported for dichotomous variables.
R e sult s
Patients
From February 2003 through December 2010, a total of 183 eligible women underwent randomization ( Fig. 2 ). In the prenatal-surgery group, one woman chose postnatal surgery after randomization, and two women returned home for delivery. In the postnatal-surgery group, seven women chose not to return to the clinical center for delivery, and four were unable to return because of preterm labor or other complications.
The data and safety monitoring committee met on December 7, 2010, and recommended termination of the trial on the basis of efficacy of prenatal surgery. Of the 183 women who underwent randomization, this report is based on the findings in 158 women who underwent randomization before July 1, 2009 (i.e., the outcome cohort reviewed by the committee). For outcomes up to 30 months, the report is based on the findings in 134 women who underwent randomization before December 1, 2007. Baseline characteristics were similar between groups, except that there were fewer female fetuses and the lesion level was more severe in the prenatal-surgery group (P = 0.02 for both comparisons) ( Table 1 ).
Pregnancy and Neonatal Complications
There were no maternal deaths. Pregnancy complications were more common among women in the prenatal-surgery group ( Table 2) . Maternal morbidity and pregnancy complications that were related to prenatal surgery included oligohydramnios, chorioamniotic separation, placental abruption, and spontaneous membrane rupture. One third of women who underwent prenatal surgery had an area of dehiscence or a very thin prenatal uterine surgery scar at the time of delivery. Fetuses that were treated prenatally were born at an average gestational age of 34.1 weeks, and 13% were delivered before 30 weeks of gestation, whereas those in the postnatal-surgery group were born at an average of 37.3 weeks of gestation with none delivered before 30 weeks.
The rates of adverse neonatal outcomes were generally similar between the two groups. However, one fifth of those in the prenatal-surgery group had evidence of the respiratory distress syndrome, which was probably caused by prematurity. There were no significant between-group differences in the rates of other complications of prematurity.
Two perinatal deaths occurred in each group. In the prenatal-surgery group, an intrauterine fetal death was diagnosed at 26 weeks (a stillbirth), and a neonatal death due to prematurity was diagnosed at 23 weeks; both deaths occurred on the fifth postoperative day. In the postnatalsurgery group, two neonates died, both with severe symptoms of the Chiari II malformation; both had received shunts.
First Primary Outcome
The first primary outcome, fetal or neonatal death or the need for a cerebrospinal fluid shunt by the age of 12 months, occurred in 68% of infants in the prenatal-surgery group and in 98% in the postnatal-surgery group (relative risk, 0.70; 97.7% confidence interval [CI], 0.58 to 0.84; P<0.001) ( Table 3 ). Rates of actual shunt placement were 40% in the prenatal-surgery group and 82% in the postnatal-surgery group (P<0.001).
(Additional details about the primary outcome are provided in the figure in the Supplementary Appendix.) At 12 months of age, the proportion of infants who had no evidence of hindbrain herniation was higher in the prenatal-surgery group (36%) than in the postnatal-surgery group (4%). Similarly, at 12 months, the prenatal-surgery group had a lower rate of moderate or severe hindbrain herniation (25%) than the postnatal-surgery group (67%), as well as lower rates of brain-stem kinking, abnormal fourth-ventricle location, and syringomyelia. There were no significant betweengroup differences in the rates of identification of epidermoid cysts. Infants in the prenatal-surgery group underwent more procedures for delayed spinal cord tethering. 
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Second Primary Outcome
The second primary outcome -a score derived from the Bayley Mental Development Index and the difference between the functional and the anatomical level of the lesion at 30 months -was significantly better in the prenatal-surgery group than in the postnatal-surgery group (P = 0.007). (Ranges of scores and implications of higher scores are provided in Table 4 .) There were two deaths (one in each group) between 12 and 30 months of age; the death in the prenatal-surgery group was from coxsackie septicemia, and that in the postnatal-surgery group was from complications of chemotherapy for choroid plexus carcinoma.
Secondary Outcomes
In post hoc analyses, infants in the prenatal-surgery group were more likely to have a level of function that was two or more levels better than expected according to the anatomical level (32% vs. 12%, P = 0.005) and less likely to have a level of function that was two or more levels worse than the expected level (13% vs. 28%, P = 0.03) than were infants in the postnatal-surgery group.
Although the ability to walk is dependent on lesion level, children in the prenatal-surgery group were more likely than those in the postnatal-surgery group to be able to walk without orthotics or devices (42% vs. 21%, P = 0.01). On both the Bayley and Peabody motor scales, the prenatalsurgery group had better motor function than the postnatal-surgery group, even though those in the prenatal-surgery group had more severe anatomical levels of lesions. Parent-reported selfcare and mobility, as measured by the WeeFIM instrument, were significantly better in the prenatal-surgery group. There were no significant between-group differences in cognitive scores.
Discussion
As compared with postnatal surgery, prenatal surgery for myelomeningocele that was performed before 26 weeks of gestation decreased the risk of death or need for shunting by the age of 12 months and also improved scores on a composite measure of mental and motor function, with adjustment for lesion level, at 30 months of age. Prenatal surgery also improved several secondary outcomes, including the degree of hindbrain herniation associated with the Chiari II malformation, motor function (as measured by the difference between the neuromotor function level and anatomical lesion level), and the likelihood of being able to walk independently, as compared with postnatal surgery. Despite having more severe lesions and a nearly 13% incidence of preterm delivery before 30 weeks, the prenatal-surgery group had significantly better outcomes than the postnatalsurgery group. The improvements were probably associated with the timing of the repair, which may have permitted more normal nervous-sys-tem development prenatally. Reductions in rates of shunt placement (or need for shunting) in the prenatal-surgery group were probably due to the reduction in rates of hindbrain herniation and improved flow of cerebrospinal fluid. In the case of infants with low lumbar and sacral lesions, in whom less impairment in lower-limb function may be predicted, the normalization of hindbrain position and the minimization of the need for postnatal placement of a cerebrospinal fluid shunt may be the primary indication for surgery.
Potential benefits of prenatal surgery must be balanced against the risks of prematurity and maternal morbidity. Prenatal surgery was associated with higher rates of preterm birth, intraoperative complications, and uterine-scar defects apparent at delivery, along with a higher rate of maternal transfusion at delivery. Chorioamniotic separation, which increases the risk of premature membrane rupture, 20 was observed on ultrasonography in one fourth of women after prenatal surgery. Preterm labor leading to early delivery, placental abruption, and pulmonary edema associated with tocolytic therapy are wellknown complications of prenatal surgery. The assessment of the hysterotomy site at the time of delivery revealed thinning or an area of dehiscence in more than one third of the women.
Since uterine dehiscence and rupture in a subsequent pregnancy are recognized risks of prenatal surgery, 21 mothers who undergo prenatal surgery must understand that all subsequent pregnancies should be delivered by cesarean before the onset of labor.
Several aspects of the prenatal-surgery technique that was used in this trial warrant comment. All surgeons used a stapling device with absorbable staples for uterine entry. This approach minimizes blood loss and, in contrast with the use of metal staples, does not impair subsequent fertility. [21] [22] [23] In all cases, a multidisciplinary team of experts followed a standard protocol to perform fetal surgery. The results of this trial should not be generalized to patients who undergo procedures at less experienced centers or who do not meet the eligibility criteria. For example, a body-mass index of 35 or more was an exclusion criterion for safety reasons, even though obesity is common among women carrying a fetus with myelomeningocele. Although the prenatal-surgery group had better outcomes than the postnatal-surgery group, not all infants ben- efited from the early intervention, and some had a poor neuromotor outcome. Finally, for the children in this study, continued follow-up is needed to assess whether the early benefits are durable and to evaluate the effect of prenatal intervention on bowel and bladder continence, sexual function, and mental capacity. Previous cohort studies have suggested im-proved outcomes with prenatal surgery for myelomeningocele. [24] [25] [26] [27] [28] However, since comparisons be tween infants who were treated in utero and historical controls are subject to substantial bias, results from a randomized trial were needed to confirm benefits and inform risks. In our study, prenatal surgery for myelomeningocele reduced the need for shunting and improved motor out- December 1, 2007 ; data for 2 patients were not available. Before 30 months, there were 5 deaths (2 in the prenatalsurgery group and 3 in the postnatalsurgery group), so data for those infants are not included in any category except the primaryoutcome score. Percentages may not total 100 because of rounding. † On the Bayley Scales of Infant Development II, the Mental Development Index and the Psychomotor Development Index are both scaled to have a population mean (±SD) of 100±15, with a minimum score of 50 and a maximum score 150. Higher scores indicate better perfor mance. ‡ For the difference between the motorfunction level and the anatomical level, positive values indicate function that is better than expected on the basis of the anatomical level. § The betweengroup comparison was performed with the use of the Cochran-Armitage test for trend. ¶ On the Peabody Developmental Motor Scales, the mean (±SD) score was 10±3, with a minimum score of 0 and a maximum score of 20.
Higher scores indicate better performance. ‖ On the WeeFIM evaluation, the score on the selfcare measurement ranges from 8 to 56, and scores on the mobility and cognitive measure ments range from 5 to 35, with higher scores indicating greater independence.
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comes at 30 months, but the early intervention was associated with both maternal and fetal morbidity.
